Stagnation temperature measurements have been obtained in a Mach 4 free jet of nitrogen using a technique based on transient thin film heat flux probe measurements. The uncertainty in the stagnation temperature measurements depends on the probe location within the jet but is typically around ±5K at the centre of the jet. The thin film heat flux probe technique also provides a measurement of the heat transfer coefficient of the thin film probes with an uncertainty of around ±4% at the centre of the jet.
Introduction
Stagnation temperature measurements are important in many experiments involving compressible flows. If stagnation temperature measurements at frequencies less than about 1kHz are required, then vented thermocouple probes or possibly exposed thermocouple probes (Vas 1972 ) may produce adequate results. However, for stagnation temperature measurements at frequencies higher than 1kHz, aspirating probes with imbedded hot wire devices (Ng and Epstein 1983) are often used. For aspirating probes of a practical size, the upper bandwidth for stagnation temperature measurements appears to be around 20kHz because of the need to establish a quasisteady flow within the probe (VanZante et al. 1994 ).
For applications requiring stagnation temperature measurements at frequencies in excess of 20kHz, it may be possible to utilize the transient thin film heat flux probe approach that was introduced by Buttsworth and Jones (1998a) . With this technique, transient thin film gauges can be operated at different surface temperatures in order to identify the stagnation temperature in a manner that is independent of the convective heat transfer coefficient of the probes. Previous applications of the transient thin film technique (Buttsworth and Jones 1998a,b; Buttsworth et al. 1998 ) have demonstrated its capacity for stagnation temperature measurements at bandwidths approaching 100kHz.
Although the probe discussed by Buttsworth and Jones (1998a) primarily measures the flow stagnation temperature, the technique can also yield convective heat transfer coefficient measurements. While the measurement of heat transfer coefficient has been alluded to and demonstrated in previous publications, the identification of probeindependent flow parameters from the heat transfer coefficient measurements has not been attempted in the previous work.
In the current article, the transient thin film heat flux gauge technique is applied to a 2 Temperature Probe
Thin Film Gauges
Transient thin film gauges have been used for many years in a variety of applications (Schultz and Jones 1973) . Recent developments have extended the frequency response of thin film gauges down to dc without substantially compromising the simplicity of the transient thin technique (Piccini et al. 2000) .
However, in the current application, platinum films were hand-painted onto the rounded end of fused quartz rods with a diameter of around 3mm, as illustrated in Fig. 1. Low resistance gold leads were also painted onto the quartz and the active film length was less than 1mm in each case. The films were operated in a constant current mode so that the voltage drop across each film indicated the film resistance and thus its temperature. The present technique requires heat flux measurements at different probe surface temperatures and these different temperatures were obtained using the heating unit shown in Fig. 1 . Each film was calibrated over its full range of operating temperatures and a quadratic temperature-resistance relationship was established for each film.
Basis of Measurement Technique
For moderate flow stagnation temperatures, it is reasonable to express the stagnation point heat flux as,
where q is the heat flux, h is the heat transfer coefficient, T 0 is the flow stagnation temperature, and T w is the temperature at the probe surface. It is appropriate that the stagnation temperature, rather than the recovery temperature, appears in Eq. (1) because the flow velocity in the vicinity of the stagnation point is very low (Buttsworth and Jones 1998b ).
Provided h is independent of T w , Eq. (1) indicates that it is possible to experimentally identify both the flow stagnation temperature and the convective heat transfer coefficient of the probes if the transient heat flux q is measured at two different probe temperatures T w . However, three thin film probes were adopted in this work, as illustrated in Fig. 1 , because the RMS analysis indicated that the equation governing the heat transfer fluctuations is a quadratic in T 0 -T w (see section 5.1).
Heat Transfer Coefficient Correlation

Correlation using Pitot Pressure
The thin film probe heat transfer coefficient measurements can be used to provide information on additional flow parameters provided a suitable correlation for h exists.
Theoretical results (e.g., White 1991) suggest that the stagnation point heat transfer coefficient for a sphere at any Mach number can be correlated using,
where, 
A key parameter that is often measured in typical experiments is the pitot pressure, so it is convenient to rearrange the heat transfer coefficient in terms of the pitot pressure.
Assuming a perfect gas, p pit enters Eq. (2) through the Reynolds number (Eq. 5) using, 
Temperature Sensitivity
To investigate the extent to which h is independent of T w and T 0 , the perfect gas relation is again adopted and for simplicity we approximate the viscosity and conductivity using a single power law exponent. Equation (13) 
White (1991) and 600K, the expected variation in convective heat transfer coefficient is around 2%.
(The uncertainty in the actual value of the power law exponent does not affect this conclusion.) Thus the approach described in Section 2.2, which requires a constant value of heat transfer coefficient, is not severely compromised by the variation of h with T w as the experimental uncertainties involved in the identification of h are larger than 2% (see Section 4.2).
For a given probe temperature, and again taking n=0. 71, Eq. (14) indicates that the heat transfer coefficient varies with stagnation temperature according to 13 . 0 0 T . Thus, when estimating the heat transfer coefficient for a given range of flow conditions, variations in T 0 will have some effect. However, in the current application where the stagnation temperature across the jet varies by less than 5%, the heat transfer coefficient varies by less than 1% in response to these changes in stagnation temperature.
Mach Number Sensitivity
The sensitivity of the heat transfer coefficient to the flow Mach number is illustrated in Fig. 2 which was generated using Eq. (12) with γ=1.4. To obtain the result presented in Fig. 2 , the temperature ratio T ∞ /T 0 in Eq. (12) was evaluated using the normal isentropic expression, and the velocity gradient term was determined using expressions given by White (1991), (15) and
with an interpolation between Eq. (15) and Eq. (16) for 0.8 < M ∞ < 1.2.
Experimental data indicates stagnation point velocity gradients consistently lower than predicted using Eq. (15) and (16) by about 10% for Mach numbers ranging from 0 to 5 (White 1991). This would lead an error in convective heat transfer coefficient of around 5% over the full range of Mach numbers considered in this work.
However, the approach adopted in the present work was to adjust the effective probe diameter used in Eq. (11) 
Free Jet and Probe Arrangement
Experiments were performed using the free jet arrangement illustrated in Fig Estimates of the Mach 4 nozzle exit flow parameters are presented in Table 1 . These values are based on measurements of the injection static pressure, the pitot pressure, and the flow stagnation temperature measured at x=1mm. Quoted uncertainties are derived from the estimated uncertainties and spatial variation in the static pressure measurements (±3%), pitot pressure (±2%) and stagnation temperature measurements (±2.4%). Note that the uncertainty in static pressure in Table 1 is somewhat lower than the value used in subsequent analyses for stations x=100, 200, and 300mm
because of the difficulties in ensuring that the jet static pressure matched the test section environment.
4 Time-averaged Results
Transient Heat Flux Analysis
The transient thin film heat flux probes provide a measurement of probe surface temperature that must be converted into a heat flux using an appropriate model for the The stagnation temperature and heat transfer coefficient results obtained in this manner are presented in Fig. 6 and Fig. 7 . The bars illustrated on these figures indicate the magnitude of the 95% confidence intervals derived from the statistical analysis of the linear regression data (Chatfield 1972) . The measurement uncertainty derived from this analysis was around ±5K for the stagnation temperature, and ±3.5%
for the heat transfer coefficient at the centre of the jet. Generally, the relative measurement uncertainty in both stagnation temperature and probe heat transfer coefficient increases with distance from the jet center line because the magnitude of the heat flux approaches zero. For example, in the stagnation temperatures reported in Fig. 6d , the stagnation temperatures vary with y only on the order of 10K but the magnitude of bars is clearly larger at y=20mm than at y=0mm. In the heat transfer coefficient results of Fig. 7d , the relative uncertainty increases from about ±3.5% at y=0mm to about ±8% at y=20mm.
The stagnation temperature results in Fig. 6 appear to indicate a drop in stagnation temperature of around 10K towards the outer regions of the jet. Similar spatial variations have been observed in subsonic jet flows (Fox et al. 1993 ) and also in Mach 2 jet flows (Fox and Kurosaka 1996) . Figure 6 also indicates some asymmetry in the stagnation temperature profiles. However, the uncertainties associated with the timeaveraged stagnation temperature measurement technique are about ±5K at the centre of the jet, and increase as the outer regions of the jet are approached. Hence, the apparent spatial variations in stagnation temperature may not be significant.
Heat Transfer Coefficient from Pitot Pressure
Pitot pressure measurements within the jet were combined with static pressure estimates in order to identify the Mach number distributions. Static pressure was taken as equal to the value indicated by the injection static pressure transducer for the traverse at x=1mm, however, for the remaining traverse stations (x=100, 200, and 300mm), the static pressure within the jet was taken as the average of the values indicated by the test section and injection static pressure transducers. Mach number distributions identified from the pitot pressure measurements in this manner are presented as the dots in Fig. 8 . Having determined the Mach number distribution, the function described by Eq. (12) was evaluated.
The uncertainty in static pressure is estimated as ±14% at stations x=100, 200, and 300mm and this dominates the uncertainty in pitot pressure (±2%) when deriving the Mach number from the pitot and static measurements. In the centre of the jet, the uncertainty in Mach number is estimated as around ±7%, but at M ∞ =1 the uncertainty increases to ±12%.
The function described in Eq. (13) was then evaluated using Sutherland's law for the viscosity and conductivity of nitrogen, assuming the stagnation temperature and the probe temperature were both 290K. As discussed in Section 2.3.2, Eq. (13) is a weak function of the stagnation and probe temperatures. In the present application it was unnecessary to include the actual (measured) stagnation and probe temperatures in the analysis.
The heat transfer coefficient (Eq. 11) was then evaluated with the probe diameter D taken as 3mm. The heat transfer coefficient results obtained in this manner underestimated the experimental values by approximately 2% at the first station, x=1mm. The magnitude of this error is on the same order as the maximum anticipated effects due to variations in T w (Section 2.3.2), but the sign of the error is different. Treating the jet core flow heat transfer coefficient measurements from this station as calibration data, the effective probe diameter was reduced to 2.88mm in all subsequent calculations. Using this reduced diameter is justified because the fused quartz probe tips are only approximately hemispherical and the radius of curvature is generally less than 1.5mm at the stagnation point (Buttsworth et al. 1998 ).
Furthermore, there are uncertainties in the stagnation point velocity gradient correlations (see Section 2.3.3) that can be accounted for using this calibration procedure. Heat transfer coefficient predictions from the pitot pressure measurements are compared with measurements from the thin films in Fig. 7 .
The uncertainties in the thin film measurements of heat transfer coefficient identified in Section 4.2 are representative of the level of agreement between heat transfer coefficient results based on the thin film measurements and the pitot pressure measurements, Fig. 7 . In the outer regions of the jet, at say y>20mm, the difference between the thin film and pitot pressure results exceeds the estimated level of uncertainty in the thin film measurements. In this region, the jet flow is transonic or subsonic (see Section 4.4). Hence, the uncertainty in the heat transfer coefficient derived from the pitot becomes larger in these regions because of the heightened sensitivity to Mach number, as illustrated in Fig. 2 . Neglecting uncertainties in the correlation of Section 2.3, the uncertainties in the heat transfer coefficient derived from the pitot pressure and static pressure measurements are around ±1% on the jet centre line but increase to around ±2% when M ∞ =1.
Mach Number and Velocity from Heat Transfer Coefficient
Although f(M ∞ ,γ) which appears in Eq. (11) Velocity measurements follow directly from the Mach number measurements since the flow stagnation temperature has already been identified, Fig. 6 . Figure 9 illustrates the velocity results derived from the Mach number distributions in Fig. 8 .
As was the case with the Mach number profiles, the agreement between the velocity profiles identified by the two different methods is very good. On the centre line of the jet, the derived uncertainty in the velocity measurements is about ±2% for both the thin film technique and the pitot probe technique. However, at M ∞ =1, the uncertainty in velocity estimated by both techniques increases to around ±10%.
Stagnation Temperature Fluctuations
Transient Heat Flux Analysis
Fluctuations in the stagnation point heat flux were treated in a slightly different manner to the time-averaged stagnation point heat flux measurements. In addition to sampling voltages corresponding to the probe temperatures, signals from heat transfer analogue units (Oldfield et al. 1982) were also recorded. These heat transfer analogue devices were designed to produce a voltage signal proportional to the heat flux assuming a semi-infinite flat plate heat conduction process and constant thermal properties within the film substrate. Although the time-averaged component of the stagnation point heat flux cannot be identified from the temperature signal with such a heat conduction model, it is a reasonable model for fluctuations at frequencies higher than 1kHz. This is because at such frequencies, the heat penetrates only a small distance relative to the probe radius (about 1.5mm), and the associated temperature 
To achieve the result expressed in Eq. (18), it was necessary to neglect higher order terms and to recognise that the probe temperature fluctuations ' The current work has demonstrated how additional flow parameters such as the Mach number and velocity can be obtained using the transient thin film stagnation temperature probe technique. However, to fully exploit the high bandwidth capabilities of the thin film probes future applications, it may be possible to use probes with a much smaller separation between heated and unheated films such as that described by Buttsworth and Jones (1998b) . This would allow instantaneous measurements of stagnation temperature and heat transfer coefficient fluctuations, and largely avoid the need for analysis of the fluctuations in terms of RMS values. 
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